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Abstract. Properties of wide bandgap semiconductors
as chemical inertness to harsh conditions and possibil-
ity of working at high temperature ensure possible appli-
cations in the field as military, aerospace, automotive,
engine monitoring, flame detection and solar UV detec-
tion. Requirements for ohmic contacts in semiconduc-
tor devices are determined by the proposed application.
These contacts to AlGaN/GaN heterostructure for ap-
plication as high temperature, high frequency and high
power devices have to exhibit good surface morphology
and low contact resistance. The latter is a crucial fac-
tor in limiting the development of high performance
AlGaN/GaN devices. Lowering of the resistance is as-
sured by rapid thermal annealing process. The paper
present studies of Ti/Al/Mo/Au ohmic contacst an-
nealed at temperature range from 825 ◦C to 885 ◦C in
N2 atmosphere. The electrical parameters of examined
samples as a function of the annealing process condi-
tion have been studied. Initially the annealing tempera-
ture increase caused lowering of the contacts resistance.
The lowest value was noticed for the temperature of an-
nealing equal to 885 ◦C. Further increase of annealing
temperature led to deterioration of contact resistance
of investigated ohmic contacts.
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1. Introduction
The ohmic contacts in AlGaN/GaN semiconductor de-
vices have crucial influence on device performance [1],
[2], and [3]. At the high electron mobility transis-
tor (HEMT) ohmic contacts govern transconductance
and saturation current. The AlGaN/GaN HEMTs
are capable of handling higher current densities than
other III-V high electron mobility transistors due to
higher two-dimensional electron gas (2DEG) density
(1013 cm−2 or higher) accumulated on the AlGaN/GaN
interface [4] and [5].
The thermal stability of AlGaN/GaN heterostruc-
tures and their chemical inertness engender difficulties
in ohmic contact formation. Smooth surface morphol-
ogy for high edge definition and minimal contact re-
sistance are essential for desirable device behavior. To
achieve a change from Schottky contact after deposi-
tion metallization to ohmic contact, samples were an-
nealed at different temperatures. High annealing tem-
peratures, usually over 800 ◦C, are required to establish
good ohmic contact performance [6], [7], [8], [9], [10],
[11], [12], and [13]. On the other hand, so high anneal-
ing temperature causes changes on the heterostructure
and metal-semiconductor interface, which in turn leads
to alteration of 2DEG parameter - carrier mobility [14].
At this stage of investigation we have to seek for
compromise between appropriate ohmic contact per-
formance and 2DEG parameters. In our studies, for
Ti/Al/Mo/Au ohmic contacts, the temperature had to
be above 800 degrees to reach this compromise. To
minimize the deterioration of 2DEG parameters, the
thermal annealing was led in time as short as possible
to reach good ohmic performance.
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Also, the high temperature annealing has strong in-
fluence on the microstructure and the surface mor-
phology of the ohmic contact. The reasons of the im-
pact of annealing temperature on the microstructure of
Ti/Al/Ni/Au are the low melting temperature of alu-
minum (660 ◦C) and migration followed by coalescence
of agglomerates [15].
In this study Ti/Al/Mo/Au metallization scheme
have been used. The Ti/Al based ohmic contact is one
of the most prevalent metallization schemes of ohmic
contact to AlGaN/GaN heterostructures [6], [7], [8],
[9], [10], [11], [12], and [13]. A titanium layer is essen-
tial as, at elevated temperatures, the Ti participates in
the reaction with nitrides on the interface and forms
TiN [8]. This reaction extracts nitrogen and gener-
ates N-vacancies. N-vacancies act as n-type dopants
and create a highly doped layer underneath the metal-
lization, leading to low-contact resistance of the Ti/Al
based ohmic contact. The aluminum is the layer which
is responsible for the formation of the ohmic contact to
AlGaN/GaN heterostructures. In general, there is no
standard annealing temperature that leads to low re-
sistance ohmic contact. Research studies indicated on
different temperature that exhibited successful ohmic
contact formation [6], [7], [8], [9], [10], [11], [12], and
[13].
Low resistance ohmic contacts to AlGaN/GaN are
of great importance because an improvement of their
electrical properties would lead to enhancement of the
device performance. In this paper we report the influ-
ence of annealing temperature on the current-voltage
characteristics and contact resistance Rc.
2. Experimental Details
The AlGaN/GaN heterostructure applied in this study
consisted of AlGaN/GaN grown by metalorganic vapor
phase epitaxy (MOVPE) on sapphire substrate. Prior
to metal deposition, the native oxide (Ga2O3) was re-
moved from all samples surfaces by etching in HCl:H2O
(1:1) solution, followed by a deionised water rinsing and
drying in N2 flow. Then, the samples were immediately
loaded into the vacuum chamber of an evaporation sys-
tem. The metallic contact consisting of Ti/Al/Mo/Au
(23/100/40/190 nm) was deposited on the substrate
under vacuum conditions with a base pressure lower
than 10−6 mbar. The metal layers were deposited by
using an electron beam evaporator (Ti, Al, Mo) and
resistance heater (Au). The transfer length method
(TLM) mesa isolation was achieved by means of a
80 nm deep mesa etch performed by Cl2/BCl3/Ar reac-
tive ion etching. The Ti/Al/Mo/Au ohmic metalliza-
tions were annealed at various temperatures in rapid
thermal annealing (RTA) system. The temperature
of each annealing process was changed over the range
Fig. 1: Temperature characteristic of thermal annealing at
855 ◦C.
from 825 ◦C to 855 ◦C and the annealing time of 60
seconds was kept for all samples (Fig. 1).
To study the influence of the annealing process pa-
rameters on the properties of the Ti/Al/Mo/Au met-
allization, the electrical parameters (I-V characteristic
and contact resistance Rc) were measured. For contact
resistance Rc measuring we adopted the TLM (four
probes mode) test structure. The distance between
contact were 31, 20, 10 and 6 µm. The current-voltage
(I-V) characteristics were measured on the two neigh-
boring contacts from TLM test structure.
3. Result and Discussion
Figure 2 shows the current-voltage characteristics of
Ti/Al/Mo/Au metallization as a function of annealing
temperature. When the distance between measured
neighboring pads is lower (Fig. 2(a) - 6 µm, Fig. 2(b)
- 10 µm) the current at a given voltage as expected in-
creases. However, the decreasing of distance between
pads is reflected at more visible non-linearity of I-V
characteristics (Fig. 2). It could mean, that on the m-s
interface remains a barrier. The influence of tempera-
ture of RTA annealing process shows, that the small-
est total resistance RT at given voltage was achieved
at 855 ◦C (Fig. 2). First, at given voltage with in-
crease of annealing temperature up to 855 ◦C the total
resistance RT decreased.
However, increase of annealing temperature above
the temperature of 855 ◦C caused the increase of to-
tal resistance RT. But the shape of I-V characteristic
remains slightly non-linear. Figure 3 shows the con-
tact resistance Rc of Ti/Al/Mo/Au metallization as a
function of annealing temperature. For calculation of
contact resistance, we adopted the TLM method. The
resistance for given distance between pads and anneal-
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(a) distance between measured metal pads: 5 µm (b) distance between measured metal pads: 10 µm
Fig. 2: Current-Voltage characteristic of Ti/Al/Mo/Au contact after annealing at various temperatures.
Fig. 3: Contact resistance Rc as a function of annealing temper-
ature of Ti/Al/Mo/Au contacts for AlGaN/GaN het-
erostructures.
ing temperature was calculated from I-V characteris-
tics at given voltage (0.2 V). Also for those contacts
the resistance RC have the smallest value at 855 ◦C.
SEM was used to characterize the film smoothness
and edge acuity. As shown in Fig. 4(b), the surface of
ohmic contacts changed after annealing at high temper-
ature (855 ◦C) but is still smooth enough and the edge
acuity is proper for a variety of applications in semi-
conductor devices. Rough surface of ohmic contacts is
disadvantageous for reliability and stability [11].
The roughness appeared due to the Al in the ohmic
contact scheme. Impact of annealing temperature on
the microstructure of studied Ti/Al/Mo/Au was not so
large as on the Ti/Al/Ni/Au ohmic contacts (Fig. 5)
examined earlier [15], [17], but it is still easily observed.
At the ohmic contact with Ni barrier (Ti/Al/Ni/Au)
the primary mechanism responsible for the poor mor-
phology and the heterogeneous chemical composition
of the ohmic contact is the formation of Al droplets
(a) before annealing
(b) after annealing at 855 ◦C RTA 60 s
Fig. 4: SEM micrographs of ohmic contacts.
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Fig. 5: SEM micrographs of ohmic contacts containing Ni bar-
rier (Ti/Al/Ni/Au) instead of Mo.
above 660 ◦C (melting point of Al), [17]. On the final
roughness and morphology of ohmic contacts influence
not only presence of Al layer but also the thicknesses
and composition of the rest layers of ohmic metalliza-
tion. In particular the type of barrier layer for gold
[17]. Comparison of two technologies, with Ni (Fig. 5)
and Mo (Fig. 4) layers, shown the better properties of
the molybdenum layer.
Because Al plays an essential role in the ohmic con-
tact formation, it would be a challenge to avoid of
its application. SEM micrographs of Ti/Al/Mo/Au
ohmic contacts annealed at various temperature (not
shown) did not show large differences in the topogra-
phy, only sometimes some cracks of Mo layer have been
observed (Fig. 4). It was observed that a smooth sur-
face, superior edge acuity and lowest contact resistance
of 0.92 Ω·mm were obtained for the sample annealed
at 855 ◦C.
4. Conclusion
It has been demonstrated the influence of temperature
of rapid thermal annealing process on the ohmic con-
tact performance of Ti/Al/Mo/Au metallization to Al-
GaN/GaN heterostructures. For all studied samples, a
lower contact resistance of 0.92 Ω·mm, a good surface
morphology and edge acuity were achieved when an-
nealing the samples at 855 ◦C for 60 s. However, the
I-V characteristics still remain slightly non-linear. It
means, that the metal-semiconductor Ti/Al/Mo/Au-
AlGaN/GaN contacts still have a barrier. Further tem-
perature increase of thermal annealing process did not
influence on the shape of I-V characteristic. What is
more, it caused the increase of contact resistance RC.
Our results indicated, that further optimization of this
Ti/Al/Mo/Au contact has to be made.
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